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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THE EFFECT OF THE INLET MACH NUMBER AND INLET-BOUNDAEY-

LAYER THICKNESS ON THE PERFORMANCE OF A 23 ° CONICAL-

DIFFUSER --TAIL--PIPE COMBINATION

By Jerome Persh

An investigation was conducted to determine the effect of the inlet

Mach number and entrance-boundary--layer thickness on the performance of

a 23 ° 21--inch conical-diffuser --tail-pipe combination with a 2:1 area

ratio. The air flows used in this investigation covered an inlet Mach

number range from 0.17 to 0.89 and corresponding Reynolds numbers

of 1,700,O00 to 7,070,000. Results are reported for two inlet-boundary--

layer thicknesses. Over the entire range of flows, the mean value of

the inlet displacement thickness is about 0.034 inch for the thinner

inlet boundary layer and about 0o170 inch for the case of the thicker

inlet boundary layer.

The performance of the diffuser - tail--pipe combination is presented

together with examples of longitudinal static--pressure distribution and

the results of boundary--layer pressure surveys made at six points along
the diffuser wall.

The results indicated a progressive diminution of the static--

pressure recovery and a steady increase in the total--pressure losses as

the inlet Mach number was increased for both inlet-boundary--layer thick-

nesses. The ratio of actual static--pressure rise to that theoretically

POssible was much less and the total--pressure losses were greater for

the case of the thicker inlet boundary layer throughout the speed range

investigated. With the thinner inlet boundary layer, flow separation

occurred at the diffuser exit at all inlet Mach numbers° Unseparated

flow alternating with separated flow was observed near the inlet at the

higher velocities. For the case of the thicker inlet boundary layer,

the origin of the separated region occurred in the vicinity of the inlet-
duct-diffuser Junction section at all Mach numbers.

RESTRICTED..
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INTRODUCTION

Although previous research has associated the inefficiency of wide--
angle diffusers with separation of the boundary layer, little is known
of the mechanism of the diffusion process and its relationship to the
characteristics of the boundary isyer. Furthermore, the results of •
previous investigations are inapplicable to the design of modern aircraft
duct systems because the air--flow rates at which these investigations
have been conducted did not incorporate the combination of large Reynolds
numbers at high-subsonic Mach numbers _hich are commonto present-day
aircraft.

Amongthe earliest available data relating to the subject of diffusers
were those presented by Gibson (reference l) who sought to determine the
relationship between the energy loss and the included angle of diffusers
with a constant area ratio of 4:1. Later research by Peters (reference 2)
was undertaken to determine the influence on the diffuser efficiency of
systematically vs_ing the initial velocity profile. The area ratio of
the diffusers used in his experiments was 2.34:1o Early research by
Kr6ner (reference 3) was undertaken to investigate the separation phenomena
and the relationship to the energy losses in wide-angle, two-dimensional
diffusers of area ratio 14.3:1. It was found in these experiments that
boundary--layer separation (observed when the total included angle was
increased beyond 12°) produced different results for each successive test,
and it was not possible to draw any definite conclusions beyond the point
at which separation becomesperceptible. It was found experimentally
by Vedernikoff (reference 4) that separation first occurred at a total
included angle of about 14°. In these tests the length of the diffuser
was kept constant, the area ratio being varied with angle. In his tests
of diffusers with total included angles greater than 14°, the flow
appeared to be nonuniform and the losses increased considerably.

In an attempt to obtain a better understanding of the mechanismof
diffuser flow over a range of speeds of interest in aircraft design, a
systematic series of investigations w_s undertaken in which the flow in
conical diffusers varying in size and divergence angle was measured.
For all experiments the area ratio was held constant. Particular emphasis
was put on the boundary--layer growth and its relationship to performance.
Someof the initial results obtained with a 12° 21--inch conical diffuser,

having a 2:1 area ratio, with varying inlet--boundary-layer thickness are

reported in reference 5. The present paper is a continuation of this

investigation using a diffuser of the same size, with an arbitrarily

chosen included angle large enough to induce boundary--layer separation°

For these experiments a tail pipe of constant diameter w_s used following

the diffuser as an experimental tool for obtaining adequate pressure

measurements. By this procedure, the specific case of a conical expansion
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followed by a straight duct is investigated° This configuration is"
treated as a whole because of the inseparable interrelation between the
two duct components.

It is the purpose of the present experimental investigation to provide
flow data obtained in tests of a 23° 21--inch conical-diffuser -- tail--pipe
combination with a 2:1 area ratio, under two different inlet--boundary--layer

c0nditions. The constant-area tail pipe used was about 3_ inlet diameters
2

in length. The data presented herein cover an inlet Mach number range
from 0.17 to 0.89 corresponding to Reynolds numbers of 1,700,000 to
7,070,000, based on inlet diameter. Pressure measurements were made
from which the over-all performance of the diffuser, the longitudinal
variation in static pressure, and the boundary--layer characteristics are
determined. Explanations of the interrelation of the performance results
and the boundary-layer characteristics are given.

SYMBOLS

P

H

T

static pressure

total pressure

total temperature, oR

P

Fc

R

7

qc

Ap

c

mass density

compressibility factor

gas constant

ratio of specific heats

impact pressure (H - p)

loss from mass--flow surveys (H1 - H7)weighted total--pressure

static--pressure rise measured at wall (Pl -- P6) and (Pl -- P7)

change in impact pressure (qcl -- qc7 )

r radius



:ACA RM Lg o

X distance along longitudinal axis

Y perpendicular distance from diffuser wall

U local velocity within boundary layer

U

U

U

5

local velocity at edge of boundary layer

vel°city ratio for incompressible flow I_H_ Pwall 1
-- Pwall

boundary--layer thickness at 0.95u/U

boundary--layer displacement thickness for incompressible flow

boundary--layer momentum thickness for incompressible flow

distance from surface beyond which the contribution to the

integral of 5- and e is negligible

boundary--layer--shape parameter for incompressible flow

Diffuser performance parameters:

AH/qc I
loss coefficient

Aqc/Aqcideal diffusion factor

pressure efficiency

ap/APidea l diffuser effectiveness

Subscripts:

0 reference conditions

i diffuser inlet conditions
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6

7

ito6

diffuser (conical expansion) exit conditions

tail--pipe exit conditions

boundary--layer survey stations

APPARATUS AND TESTS

General arrangement.-- The apparatus used for this investigation is

shown in figure 1. It consists of a 23° conical diffuser Joined to a

cylindrical entrance duct 21 inches in diameter by a transition section

having a radius of 5 "inches and a tail pipe approximately 3_ inlet

diameters in length and having a diameter of 29.70 inches° Air was

forced through the system by two centrifugal compressors. An arrangement,

the same as that outlined in reference 5, was used in performing the tests'

The minimum length of the 21-inch entrance duct is approxi-

mately 0.4 inlet diameter. An additional section of about 4 inlet

diameters was provided for insertion between the entrance bell and the

smaller duct for the purpose of thickening the boundary layer. A photo-

graph of the arrangement withthe additional length of inlet duct is

shown as figure 2.

The interior of the test apparatus was smoothly finished after being

spraye_ with several coats of paint. The dimensions of the junction

between the inlet duct and the diffuser were arbitrarily chosen fairly

short. The Joint between the inlet section and diffuser was filled with

and carefully finished to a 5_,inch radius° The Jointpyroxylin

between the diffuser and tail pipe was finished in a similar manner to

411
a T-inch radius. During the course of this investigation neither of

the filled Joints was changed or altered.

A careful check of the dimensions of the diffuse'r upon completion

of the tests showed that the maximum deviation from the prescribed

dimensions were as follows:

(i) Inlet channel concentric within 0.010 inch at auy position.

(2) Greatest error in conical portion of diffuser about 0.2 ° at

a_y location.

(3) Exit cylindrical duct accurate within 1/16 inch at any position.
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Instrumentation°--The positions at which all pressure surveys were
made are shown in figure l o Total--pressure--loss surveys were made at
stations 1 and 7o Boundary-layer pressure surveys were made at stations 1
to 6, as indicated in figure l o Flush--type static-pressure orifices were
located In the inlet duct, diffuser, and tail pipe.

Detailed diagrams of the instruments used for the inlet-pressure--

loss surveys and the boundary--layer pressure surveys are shown in figure 1.

Difficulty was encountered in making total--pressure surveys at the diffuser

exit, station 6, due to the unstable character of the flow around the

periphery. However, it was found that the flow was stable at the tail--

pipe exit, and pressure--loss surveys were made at that point. Three rakes

with six tubes each were installed 120 ° apart in the same plane° Each

rake extended about 6 inches Into the stream. Reference total pressure

was measured upstream of the inlet bell with a total-pressure tube°

The inlet pitot-static surveys and all boundary--layer surveys were

made with the use of electrically driven, remotely controlled devices
that could extend the pressure tubes into the stream in accurate increments

of distance° Stagnation--temperature measurements were made by means of

an iron-constantan therm0couple located upstream of the bell (fig° I) and

directly read on a sensitive potentiometer.

Testing procedure.-- Each of the following series of pressure measure-

ments was taken over the entire range of inlet Mach numbers in the following
Sequence:

(1) Measurements were made of the longitudlnal--wall static--pressure

and the tall--plpe-exit (station 7) total--pressure dlstribution from the
fixed rakes.

(2) Boundary--layer total--pressure surveys were made by using the

exploringtube at station 6 followed by similar procedure at stations 5,

4, 3, 2, and 1 in that order. (See figo 1.)

(3) A pressure survey of station I (fig. i) was made by using two
exploring tubes spaced 120 ° apart on the circumference° Pitot--static

tubes were used in order to obtain simultaneous indication of static and

total pressure°

All pressure measurements were made with the use of multitube bank--

type manometer boards.
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METHODSANDANALYSIS

Computational methods.-- The requirement that the inlet duct and

diffuser be free of all obstructions upstream of ar_v station at which

pressure measurements were in progress made it impossible to record

simultaneous upstream and downstream measurements. The inlet-pressure

ratio (pl/H0) was used as a correlating parameter for the computation of

the performance coefficients.

Performance parameters.,The mass--weighted mean loss in total

pressure from the reference station 0 to the inlet station 1 was computed
in this manner:

H0 - HI = 2_0, I =

#}r

Jo (pv)y(%-

where the quantity (PV) was computed by using• the expression
Y

The quantity p/F c can be obtained from p, T, H, and gas properties

by the following relation:

P 7' H

F 7 --1RT
o

2 7+1
-

P
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The mean change in total pressure from the reference station 0 to

the tail-plpe exit, station 7, was computed similarly, assuming the wall
static pressure at the tail-pipe exit is constant in the transverse plane

of that section, The mean total--pressure loss is obtained directly as

the difference in total pressure between the tail--pipe exit and the

diffuser inlet. Consequently, the mean loss in total pressure computed

by this procedure includes both the losses in the conical expansion and

the tail,plpe loss.

The rise in static pressure was computed as the difference between

the arithmetic mean of the inlet static pressure obtained by stream

surveys, and the wall static pressure at the measuring station (diffuser

exit, station 6, and tail--plpe exit, station 7)° The static pressure

was assumed to be constant across the downstream measuring station.

The mean change in impact pressure between stations is determined

as the rlse in static pressure less the mean loss in total pressure.

The theoretical gain in static pressure and change in impact pressure

were computed by assuming frictionless one'dimensional flowo

RESULTS AND DISCUSSION

In subsequent discussion of the diffuser performance and boundary--

layer characteristics, the terminology adopted as a means of identifying

the two different inlet boundary--layer conditions is that of "thinner"

and "thicker" inlet boundary layers. The thinner--inlet-boundary--layer

case refers to the configuration which was tested with the cylindrical

entrance duct of 8o2_ inches in length, which had an inlet-boundary--

layer thickness of about 1 percent of the inlet diameter_ For the

thicker--inlet--boundary--layer case, _ inlet-boundary-layer thickness of

about 5 percent of the inlet diameter was measured.

All performance curves are plotted against the inlet--pressure

ratio PllHo, a parameter chosen as an approximate index of the inlet

Mach number. Increasing Mach number is denoted by rightward movement
on the abscissa. No provision was made for the isolation of Mach number

and Reynolds number effects. A curve of the inlet flow characteristics

is presented in figure 3, which gives the variation of the weight flow
and mean inlet Mach number with mean pressure ratio.
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Diffuser perfOrmance parameters.-- Since there are numerous appli-

cations for diffusers, the following coefficients are used in the analysis
of results:

(i) The loss coefficient, defined as 2_Ilqcl , which is a measure of

the total pressure that is lost in the diffuser in overcoming friction
and turbulence

(2) The diffusion factor, defined as 2_ c _qc , which is
actual# ideal

a measure of the amount of impact pressure available for conversion to

static pressure, compared tothat possible with frictionless flow

Iaqcactual(3) The pressure efficiency, defined as aPactua 1 , which

is a measure of the amount of impact pressure actually converted to
static pressure

(4) The diffuser effectiveness, defined as APactuallaPideal, which

is a measure of the over-all performauce of the diffuser. This coef-

ficient is a measure of the useful static pressure obtained at the

diffuser outlet, expressed as a ratio to that theoretically possible.

The diffuser effectiveness is the product of the diffusionfactor and

the pressure efficiency:

aPactual 2_Icactual APactua I aPactual

Aqcactual 'Aqcidea1 Aqcidea I APideal

Pressure-Survey Results

As previously pointed out, difficulty in making pressure surveys

at the end of the conical section, station 6, made it impossible to

express accurately the diffuser efficiency at that point, in three of

the four performance parameters, namely those embodying the term AIIactual.

Since the loss in total pressure in the tail pipe alone could not be

evaluated, only one performance parameter is presented for both the tail--

pipe exit, station 7, and the diffuser exit, station 6. It should be

noted that computation of APactual_Cactua I and 2_1c _2_qcactual! ideal
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for further analysis may be accomplished for the diffuser exit, station 6,
with the data presented by the following relations:

1

m

6/J I

and

Caotual 1 =

Cideal )1-6

iAPactual_

_Pactual

It must be kept in mind that curves computed by this procedure include

the loss in total pressure in both the diffuser and the tail pipe.

Loss coefficient AH/qcl.- The variation of  lqcl with inlet-

pressure ratio for the two inlet-boundary--layer conditions is shown

in figure 4. An increase in inlet velocity manifested an increase

in _lqcl for both inlet conditions. With the thinner inlet boundary

layer, the values of AH/qcI increased in a continuous manner with

increasing inlet Math number from about 0.05 at an inlet Math number

of 0.17, to about 0.115 at an inlet Math number of 0.70 (highest velocity

investigated). For the case of the thicker inlet boundary layer, the

values of AHIqc_ are about twice those of the thinner inlet boundary

layer at the lowest inlet Mach number and increase in a manner similar
to that of the thinner inlet boundary layer with increasing inlet velocity.

The data of reference 6 give a value of __2_lqcl of about 0.135 for a

diffuser with a total angle of expansion of 23° with a 2:1 area ratio.
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In general, the values of _I/qcl obtained in the Current experiment

are less than that predicted by reference 6, except for the case of the
thicker inlet boundary layer at the higher inlet Machnumbers. However,
no conclusions should be drawn from this comparision because of the wide
difference in the inlet-flow conditions between those of the reference

data and the current experiment. The values of Z_I/qcl have a tendency
toward constancy in the range of Reynolds number encountered in these
experiments unless they are accompanied by a change in flow pattern.
Therefore, the departure of the values of z_HIqcl from a constant coef-
ficient is indicative of a progressively changing flow pattern, with
consequent increased total-pressure losses. Subsequent discussions of
the boundary-layer characteristics show that the character and extent of
the regions of separated flow must play an important part in determining
the losses in total pressure; however, the data at hand are not considered
sufficient to permit ar_yconclusive statement as to the exact nature of
the mechanism involved.

\ •

Diffusion factor Z_qc/Z_qcideal.-- The diffusion factor is shown in

figure 5 as a function of Inlet_pressure ratio for both inlet-boundary-

layer conditions, measured at the tail-pipe exit, station 7. In the

case of the thinner inlet boundary layer, the values° of Z_q_/Z_qcldea1-"

are very close to unity at the low inlet Mach numbers and drop slightly
as the velocity is increased. This indicates that almost all the obtain-

able impact pressure is made available for conversion to static pressure

over the entire flow range. For the thicker--inlet--boundary--layer case,

the values of ZkqcI_qcideal indicate that about 97 percent of the obtain-

able impact pressure is available for conversion to static pressure at

the tail--pipe exit, station 7, over the range of inlet Mach numbers.

Some of the remaining 3 percent of the obtainable impact pressure may

be recoverable in an additional length of tail pipe. This is because

the velocity profile at staion 7 exhibits more curvature and therefore

possesses more kinetic energy than would be the case with the 1/7 power
law for the velocity distribution, to which the flow will revert in a

sufficient length of straight pipe. This conclusion is supported by the

data presented by Peters (.reference 2) which shows that the length of
tail pipe needed to reach the point of maximum pressure is more than

twice that used •in the current experiment.

Pressure efficiency _P/_qc'- The pressure efficiency is shown as

a function of inlet-pressure ratio for both inlet-boundary--layer con-

ditions, measured at the tail--pipe exit, station 7, in figure 6. The

values of _p/Zkqc for both inlet bounda_f--layer conditions decrease
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with increasing inlet Mach number at approximately the samerate. The
curve for the thicker inlet boundary layer is approximately 90 percent
of that for the thinner inlet boundary layer. This effect may be attrib-

uted to the shape of the curves of 2_I/qcl_ (fig. 4) which also vary at

approximately the samerate for both inlet-boundary--layer conditions
when the inlet velocity was increased.

Diffuser effectiveness Ap/aPideal.-- The variation of the diffuser

effectiveness with inlet pressure ratio is shown in figure 7 for both

inlet-boundary--layer conditions, presented for both measuring stations.

With the thinner inlet boundary layer, the values of AplAPidea 1

measured at the diffuser exit, station 6, were of the order of 0.90 at

an inlet Mach number of 0.17 and diminished smoothly to about 0.60 at

an inlet Mach number of 0.86 (highest velocity investigated). The values

of Ap/APideal measured at the tail--pipe exit, station 7, are substan-

tially greater than that of the diffuser alone, being of the order of 0.95

at the lowest inlet Mach number and dropping to about 0.75 at the highest

velocity investigated. For the case of the thicker inlet boundary layer,

the values of ap/APideal measured at the diffuser exit, station 6, are

about 0.65 at the lowest inlet Mach number 3 _apering off to about 0.48

at the highest velocity. The values of AplAPidea 1 measured at the

tail--pipe exit, station 7J dropped smoothly from about 0.85 to 0.75 when
the inlet Mach number was increased from minimum to maximum value. The

major influence on the rate of decrease of the values of aplAPidea 1

measured at the tail--pipe exit, station 7, for the thinner inlet boundary

layer is the shape of the curve of apIZ_qc. Since the values of 2_qcI_qidea1

are practically unity for this condition, the curve of ApIAPidea 1 is

almost identical to the curve of ApIZklc (fig. 6). Therefore, the pressure

efficiency may be regarded as the diffuser effectiveness if the diffusion

factor is approximately unity. In the case of the thicker inlet boundary

layer, apIaPideal, measured at the tail--pipe exit, station 7, is slightly

less than the values of apI_q c. The values of AplAPidea1 are influenced

computedby the slight departure from unity of the values of _qc _qcidea I .

for that condition.

Since the rate of decrease of the curves of ApI_q c is almost the

same for both inlet--boundary--layer conditions, its influence will be the

same for both cases.
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It may be noted that the data for the curves of _p/APideal for
the thinner--inlet-boundary--layer case are extended to higher inlet Mach
numbers than those in the preceding figures. Furthermore, the data shown
in figure 7 represent the true conditions at each of the stations 6
and 7 because the values were directly computed from pressure measure-
ments made through static--pressure orifices located in the transverse
plane of each of these stations. Although no comprehensive determi-
nation of the extent to which the presence of the tail pipe might affect
the performance of the diffuser was made, it was found that for values
of PllHo in the neighborhood of 0.90, the difference in the values of
diffuser effectiveness, with and without the tail pipe, was negligible.

Longitudinal variation in Static pressure.-The variation in static

pressure along the wall of the diffuser is shown in figure 8 for the

thinner inlet boundary layer and in figure 9 for the case of the thicker

inlet boundary layer. On both curves, this variation is shown for a

number of different inlet Mach numbers identified by the values of the

ratio of the inlet static pressure to reference total pressure.

These curves show a very pronounced drop in static pressure at the

Junction of the inlet duct and diffuser, as would be expected from the

local wall curvature. The sharply favorable pressure gradient is immedi-

ately followed by a correspondingly strong adverse pressure gradient as

the flow enters the straight-walled section of the diffuser.

Although not too apparent in the scale of figure 8 or 9, the point

of minimum pressure is not found at the midpoint of the arc Joining the

inlet duct and diffuser but is found to be displaced a short distance

downstream of the midpoint.

At the highest inlet velocity shown in figure 8, the pressure ratio

at the point of maximum velocity has a value indicative of supersonic

flow. The pressure ratio alone, however, cannot be taken as a precise

measure of the mean Mach number at that particular section. Since a

strong static-pressure gradient normal to the wall must exist in this

region, the decrease in static pressure outside the boundary layer is

necessarily less than that at the wall. Thickening of the inlet boundary

layer has the effect of diminishing the velocity increase which occurs

at points of convex curvature. This can be seen by comparing the curves

shown in figures 8 and 9 having an approximately common initial pressure
ratio.

Figure i0 shows more extensive longitudinal static--pressure

distribution. That part of figure lO enclosed in the box applies to

the diffuser proper, for which more detailed data were given in the two

preceding figures. The curves in figure lO have been derived from cross

plots of graphs like those presented in figures 8 and 9, in order to
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permit superimposing static--pressure profiles for the thicker and
thinner inlet--boundary--layer conditions at commonvalues of inlet-pressure
ratio. Longitudinal static-pressure profiles calculated for ideal one-
dimensional flows have been added for comparison purposes. From the
junction point of the inlet duct and diffuser in the downstream direction,
the static--pressure recovery for the thinner inlet boundary layer ,
although still much less than that for the ideal, is somewhatgreater
than observed for the case of the thicker inlet boundary layer.

The further gain in static pressure in the tail pipe is shown in
figure lO. At the highest inlet velocity, in the case of the thicker
inlet boundary layer, the rise in static pressure in the tail pipe is
fairly large in comparison to the total rise, being of the order of one--
third the total rise in static pressure. This appears to be the natural
consequence of a reattachment and flattening of the transverse velocity
profile as fully developed pipe flow is approached.

Boundary--Layer Results

Boundary--layer characteristics.--Previous discussion has associated

the performance of the diffuser with the development of the boundary
layer. The nature and behavior of the boundary layer at several stations

along the wall of the diffuser are presented for both initial boundary--
layer conditions.

As an aid in interpreting the boundary--ls_yer results obtained in

this investigation, the current physical picture of turbulent separation

is briefly reviewed. When a stream proceeds into a region of increasing
static pressure, the force due to the Pressure gradient opposes the

flow. Excess of this opposing force over the shear forces associated

with transverse gradients of longitudinal velocity is balanced by reduc-

tion in momentum of the fluid. Equilibrium of forces is achieved,
therefore, by a retardation of the flow. If the momentum of the fluid

relative to zero velocity is insufficient to establish equilibrium, the
flow must reverse in direction. Under ordinary circumstances such

reversals in streams flowing against an adverse pressure gradient arise

in the boundary layer where the momentum is less than that of the main

stream. Under these conditions, the main stream, which does not experi-

ence a reversal in direction of flow, is said to have "separated" from

the wall of the channel. Separated flow is usually quite unstable, and

the conditions described are seldom if ever either steady or uniformly

distributed about the perimeter of even the most nearly symmetrical
channel.

Boundary--layer velocity profiles, under the action of an adverse

pressure gradient, are distorted by the local retardations and flow

reversals which occur. Typical profiles are shown in figure ii. Pro-

file (a) is representative of a boundary--layer flow at constant pressure.

Profile (b) is am example of clearly separated flow obtained in a region
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of adverse pressure gradient. Profiles (c) and (d) are typical of those
encountered in regions of adverse pressure gradient in which actual
reversal has not yet occurred, at least on the point on the circumference
at which the profile was measured. The appearance of either profile (c)
or (d) is frequently regarded as evidence that separation is imminent or
has occurred elsewhere on the circumference. As is shown subsequently,
profile (d), which is of particular interest because of the appearance of
a high velocity very close to the wall, may be obtained simultaneously
with profile (c) at the samelongitudinal position in a symmetrical
diffuser but at a point somewhatremoved circumferentially. Precise
determination of the point of initial separation of flow in an adverse
pressure gradient presents muchdifficulty because of the appearance of
asymmetry in the flow pattern. Although observation of a profile such
as (b) clearly establishes separation, failure to observe such a profile
cannot be taken unreservedly as proof of the absence of separation but
merely indicates that measurements were not madeat the point on the
circumference at which separation is occurring.

Since the shape of the velocity profile is indicative of the con-
dition of the boundary layer, the value of form parameter derived from
the profile bears a definite relationship to the approach of the separa-
tion point. It is shownby Von Doenhoff and Tetervln (reference 7) from
two-dimensional data that the shape of all turbulent--boundary--layer
profiles can be expressed, with fair accuracy, as a function of a single
parameter. This shape parameter has been found to be the ratio of the
boundary--layer displacement thickness to th@ momentumthickness. It is
stated in reference 7 that separation was never observed at a value of
this ratio less than 1.80 and appears definitely to have occurred for
shape-parameter values greater than 2.60. It is further explained that
it is impossible to fix these values accurately because the turbulent
separation point is not clearly defined.

Methods of presentation.--In subsequent discussion of the boundary--
layer results presented in figures 12 to 22, the results of the thicker--
inlet--boundary--layer investigation are discussed before those of the
thinner--inlet--boundary--layer configuration.

The velocity profiles computed from the pressure measurementsmade
at six points along the wall of the duct (fig. l) are presented in
figures 12 and 14 for thicker and thinner inlet boundary layers,
respectively. For most of the profiles shown in figures 12 and 14,
computation of the b0undary--layer thickness, displacement thickness,
momentumthickness, and shape parameter has been made. For these com-
putations no corrections for compressibility are introduced in order to
present results comparable with the bulk of existing data. Since the
calculation of boundary--layer parameters is meaningless for separated
profiles, these have been omitted. The separated profiles are presented
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for illustrative purposes only. As an aid in discussing the profiles

shown in figures 12 and 14, the: computed boundary--layer parameters are

graphically represented as a function of inlet-pressure ratio in fig--

ures 18, 19, and 20. The variation of displacement thickness _*,

momentum thickness @, and shape parameter 8*/e. with pressure ratio

is shown in figure 18 for the thicker-inlet-boundary--layer case, and

figures 19 and 20 for the thinner-inlet-boundary--layer configuration.

Thicker inlet boundary layer.--Figures 12(a) to 12(f) represent

typical velocity profiles occurring at each of the six stations in the

diffuser for five inlet velocities. At station 1 (fig. 12(a)) the

boundary--layer thickness 8 diminishes slightly with increasing velocity.
This apparent thinning of the boundary layer is reflected in the values

of the displacement thickness 8- which are reduced about 25 percent

from the minimum to maximum inlet Mach number. The velocity profiles
at station 2 are shown in figure 12(b). A comparison of the values of

the displacement thickness 8- of stations 1 and 2 (figs. 12(a), 12(b),
and 18) shows that the boundary layer has thickened about 40 percent at

the lower inlet Mach numbers, with the percentage of thickening becoming
more pronounced at the higher inlet velocities. Examination of the

values of the displacement thickness 8- given in figure 18 shows that

in the presence of a slightly positive pressure gradient (station l) the

values of the displacement thickness 8- decrease with velocity. At

station 2, under the action of an unfavorable pressure gradient the

displacement thickness 8- increases somewhat with inlet velocity.

Although no evidence of flow separation is indicated by the shape of the

velocity profiles at station 2, tuft surveys showed that the origin of
detached flow is slightly upstream of this point of circumferential

locations other than that at which the boundary-layer pressure surveys

were made over the entire speed range. The velocity profiles at

station 3 (fig. 12(c)) show appreciable thickening of the boundary layer,

and all are indicative of incipient separation. However, no evidence

of reverse flow is found at this point. As shown in figure 12(d), the
profiles at station 4 are, in almost all cases, separated from the wall

of the diffuser. The disturbed nature of the flow at this point is such

that the measurements in the vicinity of zero velocity lose significance.

Thls may distort the true values at points somewhat removed from the

wall, although the fluctuations are a much smaller proportion of the

mean flow. Examination of the profile shapes at stations 4 to 6

(figs. 12(d) to 12(f)) shows that flow separation has occurred at these

stations at all inlet Mach numbers. As pointed out previously, the

appearance of separation at one point on the wall in a single cross
section does not necessarily indicate the existence of separation at

other circumferential locations. Pressure surveys were made at several

Points on the circumference in the transverse plane of station 6 to

verify the existence of asymmetrical boundary--layer flow conditions.

Velocity profiles computed from pressure surveys made at 120 ° intervals
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on the periphery at station 6 are shown in figure 13. The profiles
corresponding to those presented in figure 12(f) were made at position (c).
The flow pattern varies with air flow, as evidenced by the similar,
although less pronounced, characteristics exhibited by the profile at
position (a) for the higher inlet velocity.

Thinner inlet boundar_ l%yer.-- A set of figuressimilar to those

present@d for the thicker inlet boundary layer are given for the thinner

inlet boundary layer (figs. 14(a) to 14(f)). In general_ the flow con-

ditions which were pointed out in detail in the case of the thicker inlet

boundary layer are shown tO exist to a lesser degree in the thinner--

inlet--boundary--layer configuration. There are, however, certain figures
which show unusual characteristics not covered in the case of the thicker

inlet boundary layer.

From the'profiles at station 1 (fig. 14(a)) it caube seen that the

profiles are considerably thinner at all inlet Mach numbers than those

shown for the thicker inlet boundary layer at station 1 (fig. 12(a)),

the displacement--thickness values actually being about one--fifth those

Computed for the thicker inlet boundary layer. The displacement--

thickness values for both inlet--boundary--layer cases show a similar

reduction of about 25 percent as the velocity is increased from minimum

to maximum value (figs, 18 and 19). As in the case of the thicker inlet

boundary layer at station 2, an upward trend of the displacement--thickness

values is indicated with increasing inlet Mach number (fig. 19). Retar-

dation of the flow near the wall is first discernible at station 3

(fig. 14(c)). At the three highest inlet velocities shown at station 5,

(fig. 14(e)) velocities as high as 50 percent of local stream velocity

are shown at themeasurement point closest to the wall. Separated
boundary layers are shown at all inlet Mach numbers at station 6

(fig. 14(f)). A sudden reduction in the thickness of the boundary

layer at the highest velocity (fig. 14(f)) may be indicative of the

reestablishment of attached flow at this point on the circumference,

withlpossible separatiou at other circumferential locations. Velocity

profiles at three points on the periphery at the exit, station 6, are
shown in figure 15 for two inlet Mach numbers. As shown in the case of

the thicker inlet boundary layer, fl0w asymmetry exists at this point.

Boundary--layer separation is apparent at position (c) for both air flows,

as was the case with the thicker inlet boundary layer for both inlet

Mach numbers. The asymmetrical flow conditions are associated with a

shifting flow pattern throughout the diffuser. Upon repetition of some

of the boundar_y--layer measurements at certain locations, different

profiles were found in some cases at the same airspeed and station.

The occurrence of both separated and unseparated velocity profiles at

station 2, at approximately the same inlet velocity, is shown in figure 16.

The radically different profiles observed at station 5 at almost constant

inlet Mach number are shown in figure 17. From the results presented in

figures 15j 16, and 17, it may be surmised that the separated zone may not
orD _r vary with airspeed but also with time.
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By using the faired values of boundary--layer thickness derived from
the profiles in figures 12 and 14, the longitudinal variation in boundary--
layer thickness 5 is shown in figure 21. Curves are given for both
inlet-boundary--layer thicknesses at three inlet Mach numbers. In the
case of the thicker inlet boundary layer the curves for all air flows
appear smooth. The thickness increases :substantially as the distance
from the inlet is increased. In the case of the thinner inlet boundary
layer, excessive thickening of the boundary layer as a result of sepa-
rated flow at the exit causes a rather steep increase in the curves at
that point. At the highest velocity shown (fig. 21(c)) the unusual shape
of the boundary--layer--thickness curve for the thinner inlet boundary
layer is suggestive of the growth of a separate disturbance in the exit
regions of the diffuser. The data obtained in the present paper are not
complete enough to furnish even a qualitative snalysis of the nature of
the secondary flow in a separated region. Referring to figure 21(c),
the slightly larger exit boundary layer for the thinner-inlet--boundary--
layer case is a consequence of the asymmetrical flow conditions which
exist in this region. From the velocity profiles shown in figures 13
and 15, a comparison of the distribution of the boundary-layer thick-
ness 5 at station 6 for both configurations is presented in figure 22.
It can be seen from these curves that at both inlet Mach numbers shown,
a greater area is bounded by the curve representing the thinner inlet
boundary layer. This is in accord with the performance results Previously
discussed. Although the core enclosed by the curves of the boundary--
layer thickness may not be taken as an actual measure of the effective
area of the air stream, they are indicative of the relative position of
the nucleus of the high-energ_ air. Both inlet--boundary-layer conditions
exhibited a tendency toward concentration of the flow on the left side
of the duct, the observer looking in an upstream direction. This may
be attributed to Slight geometric imperfections in the test apparatus.

A correlation of all the values of shape p_rameter obtained in this
investigation is as follows. The range of shape--parameter values obtained
for each type of profile shown in figures ll(a) to ll(d) is indicated.
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In comparing the values of shape parameter for different types of
profiles with the limits set forth in reference 7, fair agreement is
found, although the complete band of values corresponding to different
types of profiles obtained in the current experiment is displaced
several points toward the unseparated region of the range indicated by
reference data.

CONCLUBIONS

From the current investigation regarding the effect of the inlet
Mach number and initial boundary-layer thickness on theperformance and
boundary--layer characteristics of a 23° 21--inch conical diffuser -- tail -•
pipe combination with a 2:l area ratio, the following conclusions are
drawn:

i. With the thinner inlet boundary layer (mean value of inlet
displacement thickness about 0.034 in. over the speed range), the total--
pressure losses increased in a continuous manner with increasing inlet
Mach number from about 5 percent of inlet impact pressure at an inlet

1
Mach number of 0.17, to ll_ percent at an inlet Mach number of about 0.70
(highest velocity investigated).

2. With _he thicker inlet boundary layer (mean value of inlet
displacement thickness about 0.170 in. over the speed range), the total--
pressure losses expressed as a fraction of inlet impact pressure are
approximately twice those of the thinner inlet boundary layer at the
lowest inlet Mach number. Increasing the inlet Mach number increased
the total--pressure losses in a manner similar to that of the thinner
inlet boundary layer.

3. With the thinner inlet boundary layer, the static--pressure rise
measured at the diffuser exit is of the order of 90 percent of the ideal
value at an inlet Mach number of 0.17 and diminishes smoothly to
about 60 percent of the ideal value at an inlet Mach number of 0.86
(highest velocity investigated).

4. For the case of the thicker inlet boundary layer, the Static-
pressure recovery at the diffuser exit is about 65 percent of the ideal
value at the lowest inlet Mach number_ dropping smoothly to about 48 per-
cent of the ideal value at the highest velocity investigated.

5. With the thinner inlet boundary layer, the rise in static pressure
in the tail pipe is of the order of 5 percent of the over-all rise at
the lower inlet Mach numbers, increasing to approximately 20 percent of
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the over-all rise at the highest velocity investigated. With the
thicker inlet boundary layer, the tail pipe contributed an average
static-pressure rise of about 25 percent of the over-all rise throughout
the entire flow range.

6. At the tail--pipe exit, the impact--pressure conversion is within
a few percent of that ideally possible for both inlet boundary--layer
thickness@s over the entire flow range.

7- Flow separation was observed within the diffuser for both inlet-
boundary-layer thicknesses at all inlet Mach numbers.

In the case Of the thinner inlet boundary layer, flow separation
occurred at the diffuser exit over the entire speed range. At the
higher inlet Mach numbers, unseparated flow alternating with separated
flow was observed as far upstream as station 2.

With the thicker inlet boundary layer, indications of separated
flows were found slight]_v downstream of the inlet-duct-diffuser Junction
at all inlet velocities.

8. The values of boundary--layer shape parameter show fairly good
agreement with those obtained from airfoil data taken at velocities
comparable to those encountered in the current investigation.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Air Force Base, Va.
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different shapes at approximately the same inlet velocity.

Thinner inlet boundary layer.
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Figure 18.- Variation of boundary-layer parameters with inlet pressure

ratio. Thicker inlet boundary layer.
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